As Leifer et al. have argued, the management of radical innovation projects necessitates different strategies and practices, including different ways of measuring performance. This paper discusses our efforts to explore indicators of progress for radical innovation in basic and applied research and technology development at both the project and programme levels. The paper provides examples of our work with scientific research projects in two research organisations to develop real-time indicators of the research progress. Finally, it is argued that the continued development of similar indicators can play an important role in managing research to achieve radical innovation.
Introduction
While radical innovation is widely recognised as an important goal, how does one actually manage and measure progress towards that goal? Everybody wants to increase radical innovation but nobody knows how to do it. Numerous recent studies have emphasised that the pursuit of radical innovation is something that must be managed differently from other research pursuits. Most prominently, Leifer et al. (2000) have argued that the management of radical innovation projects necessitates different strategies and practices, including different ways of measuring performance, than those directed at more incremental innovations.
While the measurement of research performance has been an important issue at least since the emergence of 'Big Science' (Blankenship, 1974) , it is clear that radical science needs to find more appropriate measures of scientific and technical progress. Given the heightened uncertainty of radical research, not only in terms of outcomes but also the scope of unknowns in the research process, the ability to manage this type of research effectively is hampered by the lack of adequate measures to assess ongoing progress and link progress to achieving higher-level goals. This kind of information provides both focus and inputs to decisions on the level of uncertainty and on research direction and continuation. In this regard, the ability to measure and assess progress in real-time could have potentially wide ranging consequences for improvement in the management of radical innovation.
In this paper, we will be discussing just one aspect of performance assessment of research directed towards radical innovation, that is, measures of progress to assess progress towards stated goals. This narrower focus is akin to 'in-progress peer review' for example, and does not address project selection or assessment of societal outcomes. Further, we will not be discussing measures of research outcomes or processes. Rather, we will only be addressing measures of progress that eventually impact on outcomes or transitions to subsequent research. Our scope is further narrowed in that we focus solely on scientific and technological research at the basic, applied and early product development stages. Most importantly, the measures we discuss are in-progress (real-time), not prospective or retrospective. We argue that these real-time measures could be most helpful for managing radical innovation, particularly if they meet three criteria: continuous variables specific to an organisational performance goal; measured within a planning cycle without a time lag; and describe the extent of progress.
While we argue that real-time measures would be useful for individual research projects, it is important to recognise that research projects do not exist in isolation. In the context of R&D organisation, particularly a large organisation with extensive portfolios of research projects, it is critical to develop measures that are commensurate across a range of projects. Hence, such measures should have the ability to aggregate to higher organisational levels and goals and allow for comparison across projects.
In demonstrating the efficacy of real-time measures of radical innovation, we draw on the efforts of two studies that aimed to develop the types of measures and indicators of research performance discussed above, and, we would argue, these types of measures could play a key role in the measurement and management of radical innovation. The first study was supported by the US Department of Energy (DOE) and focused on a large multi-disciplinary national research laboratory comprised of a broad range of research units, centres and programmes. The second study was supported by the National Oceanic and Atmospheric Administration (NOAA) and sought not only to develop measures of research performance, but to incorporate these measures into a scheme that allowed for these measures to be applied up, down and across. In both projects, our approach to developing measures was largely inductive in nature, as we worked with scientists, engineers and technicians to define measures that made sense from the standpoint of the researchers. Overall, we achieved enough progress to assess the applicability of these measures to radical innovation and to indicate how we plan to improve upon what we have accomplished so far.
While we suggest that the measures we developed are useful to all types of research, we argue that they could be especially useful in the measurement of radical innovation due to the higher levels of risk and uncertainty associated with this type of research. After a discussion of current measures of research performance and the need for real-time measures, we discuss the types of measures that are most appropriate for basic and applied research. Next, we provide a largely descriptive account of the two studies and the progress measures we developed. The paper concludes with a discussion of the results and implications for further research on the measurement of progress of radical innovation in basic and applied research.
The need for real-time measures of research progress
Why is measuring real-time progress important? We would argue that real-time measures are necessary for two primary reasons: accountability and programme improvement. As we discuss below, both of these items, which are necessary for the strategic management of research, are affected by the timeliness, or lack, of existing metrics. But it is important to state that we are not arguing for metrics that displace current metrics. Rather, we argue for complementary metrics that allow for appropriate measurement of the progress and advance of research.
With regard to accountability and control, it is critical to demonstrate to investors and funders that research funds have been spent well. From the point of view of researchers, the continued flow of funds is more likely if this need for accountability is better met. But it is not sufficient to know that research is relevant, that the 'right research' is being conducted, or that past research was successful. As Feller (2002, p.444) states with regard to federally funded research, "perhaps the most telling limitation of performance measurement as applied to science policy is that whatever its value may be in tracking past performance, it is of limited value for prospective decisions".
Some examples of existing measures that focus on outcomes would include: economic outcomes, like the degree of commercial success (Averch, 1994; Pavitt, 1991) or cost-benefit analysis (Jensen and Warren, 2001) ; bibliometric outcomes, such as publications and citations (Cozzens et al., 1994; Rinia et al., 2001) ; or technical outcomes, such as patents (Grupp, 1994; Narin et al., 1984; Zoltan et al., 2002) and awards and honours (Schainblatt, 1982) . In general, these measures of research performance do not address the progress of the research and are lagging indicators. While lagging indicators can be useful in confirming patterns of past performance, the length of time between the actual research performance and traditional research metrics restricts their usefulness in measuring current research performance and addressing the need for control and accountability. Similarly, Geisler (2000) argues that the existing set of metrics suffers, in part because they miss the temporal dimension between scientific outputs and technology accomplishments.
The issue of programme improvement speaks to the heart of R&D management and the need to improve research performance and take strategic action. In this regard, it is important to recognise the maxim that 'what gets measured, gets done'. Hence, it is essential to institute measures that stimulate performance towards strategic goals rather than hinder performance and result in goal displacement. For example, putting process indicators in place, such as quarterly reports, may be in conflict with the activities needed to produce the very value that comes from research. In this manner, the advance of science becomes secondary to meeting and completing arbitrary benchmarks that satisfy a bureaucratic need. In other words, the short-term criteria for control are often in conflict with the long-term criteria for evaluating value and strategy realisation.
But in addition to stimulating progress and providing focus, it is essential that managers have relevant metrics that allow for making appropriate decisions regarding whether to continue or discontinue the research, maintain or change direction, or add resources or not in order to achieve desired goals. Existing methods of gathering information about research for project management, include benchmark or stage-gate methods (Coombs et al., 1998; Cooper and Kleinschmidt, 1995) and process management . Arguably the most influential of these methods, the stage gate process, assesses progress at a series of 'gates' between idea generation and development and commercial launch. The widespread acceptance of the stage gate method is indicative of a need and desire to collect better information on current progress and provide guidance on project definition including scope and outputs. However, we would argue that such methods, particularly for the fuzzy front end that we are addressing, suffers from the same problem as other common measures. Progress is mostly defined in measures that are concrete, such as publications or the completion of an experiment or prototype, or in terms specific to a particular programme rather than general dimensions of performance that can be compared across similar projects or programmes.
In summary, the existing types of progress measures, while useful for measuring various aspects of the research process, lack the ability to determine the progress or advance within the process of research itself. While the need for more timely measures of progress is a general one in research, it is especially critical for research aimed at radical innovation. It is to this topic we turn in the subsequent section.
The need for real-time measures of radical innovation in research
Before turning to a discussion of measures, it is important to ask a more basic question: What is the end goal, that is, what is radical innovation? Definitions differ, often times greatly. Typically, radical innovation is conceptualised as dramatic increases in functionality, performance or dramatic decreases in costs and time. But as McDermott and O'Connor (2002) pointed out with regard to decades of research on radical innovation, 'Researchers are far from a consensus regarding a formal definition of radical innovation'. We will not pursue a lengthy review of efforts to characterise radical innovation in this section, as this has been done more ably and exhaustively by others (see for example Garcia and Calantone, 2002; McDermott and O'Connor, 2002; Leifer et al., 2000) .
While definitions may differ, it is nonetheless clear that radical research, by which we mean basic and applied research that aims for radical breakthroughs, has several distinctive characteristics. First and foremost, radical innovation typically involves higher levels of uncertainty. A great amount of uncertainty arises from the fact that radical research involves a greater number of unknowns in the research, what Roussel et al. (1991) called technical novelty and called technological uncertainty. As Deuten and Rip (2000) discuss, the open-ended and non-routine nature of the research process itself makes innovation hard to predict. Because of this, the goals and outcomes of radical research can be uncertain, if not indefinable. Further, radical research must be flexible and opportunistic in order to capitalise on new bits of knowledge and insight, with the recognition that radical research produces intangible outcomes (learning) as well tangible outcomes (widgets). Finally, because radical research is not a straightforward endeavour, progress can be variable. Indeed, radical innovation often comes in the form of a step function, with progress coming in great leaps forward.
Given the inchoate nature of radical research, it is understandable that the measurement of progress in radical research is also somewhat indeterminate (Green et al., 1995) . Despite the challenges of measuring radical research, it is important to build on what is known and has been already done. Specifically, we can look to what has been done with technology, where radical is often characterised as a new feature or function. Typically, the radicalness of the technological innovation is characterised as some measurable increase in performance or decrease in cost compared to a fixed reference or baseline, such as the current state of art in the field. For example, Leifer et al. (2001, p.103 ) provide a good rule of thumb: "at least a five-fold improvement in known performance features, and a significant (30% or greater) reduction in cost". When such measures of degrees of radicalness are feasible, it is also generally possible to assess risk and the probability that this technical performance or cost is achieved is increased .
As we discuss in greater detail below, these can also be applied to radical research with slight modifications. This most clearly applies to scientific advances that involve a tool or a technique, such as the speed and cost of genome sequencing, or increases in understanding, such as the properties of phenomena and materials. But in research, there is also a distinct need to apply measurement to 'learning', particularly in terms of hypotheses pursued (or eliminated) and theory building. Because we are talking about radical research, the fuzziest of the fuzzy front end, it is helpful that the measurement of radical research also relates to higher goals, within the research organisation, specifically, and the S&T community more generally. Two examples of organisational goals drawn from the public sector include increasing the lead time and accuracy of winter storm warnings (Department of Commerce, 2003, p.63) and an increase in the measurement of properties and interaction the top quark (Department of Energy, Office of Science). In this manner, direct linkages of radical research to such higher goals provides the same sort of direction and discipline that the market lends to new product development.
But given the high degree of uncertainty of radical research, it is critical that performance metrics provide timely information on research progress in order to determine whether research is making sufficient progress towards stated goals, or whether new and unpredicted outcomes have occurred. In this manner, such metrics positively contribute to a key factor identified by Pavitt et al. (1989) for the successful management of innovation, that is, the flexibility and speed of the decision making. Similarly, Leifer et al. (2000) point out:
"The project manager's job in the radical innovation context is less one of listing tasks, delegating them, and controlling progress, and more one of monitoring where project stands on each uncertainty dimension and making decisions about which uncertainties to attack at any point in time."
Hence, measurement that can capture progress in real time that has these characteristics would provide very useful information to managers.
Assessing research and potential measures

Assessing the radicalness of the research
Before we turn to the different types of research to explore potential measures, it is useful to first address more specifically the challenge of determining whether an innovation is radical or not and the degree of that radicalness. On this topic, we focus on two primary metrics: the degree of change and the scope of research. We suggest that these are the standards by which to assess the degree of radicalness for whatever progress metric is defined. Thus they are essential to keep in mind when making prospective or retrospective determinations about radical innovations.
As Garcia and Calantone (2002) suggest for new product development, it is more appropriate to assess innovation along a continuum, with varying degrees of innovativeness. Hence, the degree of change introduced by the innovation is an important element of radicalness. Unlike new product development, however, a baseline or state of the art for basic and applied research and early engineering and development can be difficult to determine quickly or easily or even conclusively. For instance, while it is relatively easy to determine baseline measures for piezo-resistance pressure sensors by assessing what is currently commercially available (Frenkel et al., 2000) , it is altogether more difficult to determine a baseline for something like rarified gas dynamics, where research on the topic is being conducted on various aspects of the phenomena in laboratories around the world. Hence, it is even more essential to determine the extent of radicalness in these instances. Because radical innovation is often marked by steep advances, the degree of change can often be readily identified. But in those instances when it is less clear, particularly to non-technical managers, a key tool is the use of expert judgement, or peer review. In our experience, this is seldom done routinely, as when a major breakthrough is reported before it has been confirmed by other experts. For instance, the announcement that University of Utah researchers had discovered a method for cold fusion in 1989, or, more recently, the work on stem cells by South Korean researcher Hwang Woo-suk.
Another important consideration is the scope of the research. Although we did not directly address the scope of research in our studies, it is an important aspect of our work going forward. At its most basic, the scope of research involves the number of variables or processes that are being researched at the same time. Some disciplines have a systemic quality, that is, a large number of variables have to be considered at the same time. Further, not all scientific problems can be approached with small research teams; some of them require a large scale focus. Again, consider the example of the Human Genome Project. While progress in mapping and sequencing the human genome could have proceeded with small research teams, it took a large scale programme to coordinate a range of efforts so that the time needed to complete the entire genome was appreciably lessened. Indeed, the systemic quality of some types of research is frequently overlooked as a critical dimension to the scientific problem. One example of what might be called a systemic problem is research on the weather, which encompasses both oceanic and atmospheric systems. NOAA was created in 1970 to unify and coordinate the government's research efforts on various aspects of the global environmental system, including the National Weather Service (NWS). Altogether, the scope of NOAA's mandate necessitates quite expensive and specialised equipment and teams to collect the relevant data, including satellites, ships, buoys, and planes. Indeed, one could argue that the choice to conduct large scale data collection represents one form of a broad scope of focus, such as global climate studies or the use of hyperspectral data in weather satellites.
Two comments that might provide some additional explanation on this topic. First, the scope of the focus is not determined by how fundamental the research is in our theory. For example, Einstein's theory of special relativity is quite fundamental but consists of only three variables (radical because of its centrality to field and because of the broad scope of its impact). Second, as everyone is familiar, there are multiple levels within each discipline and therefore there can be multiple systems. In this respect, a broad scope of focus means that one is studying multiple levels or multiple systems.
Assessing different aspects of research progress
Some concrete measures of progress are suggested by the differences that one finds in the research process itself. In this vein, we would differentiate between technology research, focused more on products, and scientific research, focused more on discoveries. Within each of these there are differences that suggest different types of measures of progress. We should point out that we are primarily concerned with research at the project level, with the recognition that a critical challenge in utilising any measurements is aggregation across various levels of organisational structure.
Measures for technology research
In this category, research is typically focused on the earliest stages of development of a new product. Hence, the most important measure is the increase in functionality of the product relative to its predecessor or competition, which allows for straightforward measures of performance characteristics. In addition, such measures can be aggregated across products which share similar functional characteristics. For example, such measures might include:
• miniaturisation or size reduction
• efficiency (in operating costs and training)
• speed of use or employment
• precision of use
• flexibility (frequently ignored), i.e., how easy is it to change from one use to the next.
It is clear that measures that assess the extent of improvements in various performances lend themselves quite easily to the assessment of progress and innovation. But measures of progress towards the achievement of such improvements are complicated by how functionality is achieved. In some instances, the functionality simply reflects the replacement of one component with another, for example, the replacement of analog components with digital components in radar systems. But functionality might involve the synthesis of components, such as the combination of software and hardware components in the development of semi-autonomous modular robotic control technologies.
Technology research can also be involved in improving the process of manufacturing products as well. Process measures would include the extent of the change in the machines used to produce the product. Similar to the measures suggested above, such improvements would be typically measured indirectly by the improvement in the following kinds of performance:
• increases in productivity
• increases in reliability
• increases in the flexibility of manufacturing (ability to move from one kind of product to the next on the same production line)
• reductions in the use of various resources (e.g., energy).
In general, the measures for technology research are closely akin to the types of measures that one typically finds in the new product development literature. But it is important to keep in mind that the measures we discussed are not directed towards assessing outcomes, but towards assessing progress towards outcomes.
Measures for scientific research
In scientific research, we would differentiate among three aspects of research, analytical, descriptive and control, and suggest measures for each.
The first is analytical, that is, the explanation or characterisation of a particular phenomenon. As would be expected, this is an important focus of much scientific research. The characterisation of phenomena typically proceeds through repeated trials of experimentation and measurements, with the goal being the development of an accurate model of the phenomena and a more complete understanding of the phenomena's properties. Put another way, the goal of characterisation is to reduce the uncertainty of knowledge about a particular phenomena. Interestingly, we note that a great deal of analytical research now relies on the use of simulation as a tool in characterisation, which offers great potential for the use of validation metrics in measuring progress, such as precision of prediction and reduction of uncertainty. In addition, it is possible to include the complexity of the model as a measure, such as the number of unknowns or processes accounted for in the model. The key here is the percent improvement in the precision of prediction and the percent improvement in the processes included in the model.
Another aspect of scientific research is largely descriptive, that is, the portrayals of new patterns. The emphasis is on discovery and the initial identification of patterns. For instance, NOAA researchers have recently designated a new type of hurricane, one that is symmetrical in formation and maintains its intensity much longer across ocean waters than current models predict. In this aspect of research, some suggested measures would be how many new patterns are discovered and how many concepts and hypotheses are developed to explain the pattern. In other words, the progress of research is measured in the movement towards explanation. The extent of radicalness in the description might be the degree of movement from a concept to a hypothesis to a theory to a paradigm.
Intermediate between description and explanation of patterns is when it is possible to exert control to obtain some result. The extent of control in the properties of the phenomena reflects a kind of knowledge even if it is not clearly identified. We would argue that this constitutes an important element of much nanotechnology research where they are able to produce materials with fewer impurities and with certain improvements in performance characteristics such as transmission of electrical current. However, the use of the term control does not imply that there is a theory in place to explain the produced result.
Apart from measuring progress of the research itself, another potential area of measurement is innovations in the research process. This is often an overlooked aspect of research and reflects the addition of a new instrument or technique for measurement, or improvements in existing ones, and the performance characteristics of that instrument or technique. The measure is the improvement in the measurement of the phenomena or function that is being measured, or the 'quality of the measurement'. For example, the ability to predict when the orbits of polar-orbiting weather satellites overlap could provide a significant improvement in the ability to calibrate all earth orbiting satellites as well as increasing the data quality for long-term climate studies (Cao et al., 2004) .
As we discuss in greater detail in the next section, the measures we developed for the projects in our studies closely follow the measures suggested above. As we hope to demonstrate, these measures are amenable to measuring progress of radical research as they allow for an assessment of the progress of research towards innovative outcomes. Once progress measures have been defined, however, it is not only objective quantitative measurement of research performance, but also objective, qualitative judgement of peers , as to what constitutes a large or radical advance. In the next section, we present some of the measures we developed and discuss how they might be applied to radical innovation.
Measures for learning in research
Before we turn to the next section, however, it is important to address the notion of learning in research. During the process of developing research measures, it became clear that some of the projects we studied had not yet advanced to the stages of research where measurement of progress such as we described above was appropriate or applicable. In several of the projects this learning emerged in the face of new experimental results or difficulties with instruments. Often times, the learning resulted in some amount of reorienting or restructuring of the project. Clearly, however, learning is not simply a result of the 'fruitful error' in science, but is an integral component of all research. We would suggest that the learning process involves, but is not limited to, the identification of challenges or opportunities, learning something about these, and, in the process, closing in on some and perhaps identifying new challenges. In any event, this aspect of research is one that, while difficult to measure, is essential to the progress and advance of research.
We discussed the desirability of attempting to measure learning and many of the researchers we interviewed, although not all, agreed that this might be potentially helpful. Although this type of progress is much harder to quantify, we feel it is important because it represents an important qualitative approach to the problem of technical progress. And this aspect is particularly important for research aimed at radical innovation given the high level of uncertainty and the potential for changes in direction or approach.
Our approach to developing measures of research progress
In this section, we report in much greater detail on the real-time progress measures that were developed in each research organisation and how they might be applied to radical research. Because of the unevenness in responses, measures of performance were not fully operationalised for all research projects. By fully operationalised, we mean that technical measures were agreed upon, data was collected on the measures, and progress on the measures was tracked retrospectively to the present.
The two organisations we studied represented very different organisational settings. The first organisation was a large-scale, multi-disciplinary national laboratory. The organisation has a billion dollar annual budget and currently employs several thousand researchers. Research is conducted in a diverse range of fields, from physics and engineering to nanotechnology and biology. And the research work is organised in different ways, from small and large projects to long-term to short-term projects, and single discipline projects to multi-disciplinary projects. In addition, researchers typically work on several projects at the same time. The second organisation was a smaller-scale research unit housed within NOAA that focuses primarily on applied research on satellite data. Research is conducted in a narrower range of fields, primarily oceanography and meteorology, and the research work is organised around particular satellite systems, such as NOAA's family of geostationary weather satellites (GOES). Despite the differences in the organisations, data collection proceeded along similar lines at both sites.
In our studies, we had two primary objectives for the measures of research performance. First, we were interested in real-time measures, that is, measures that would be useful to researchers and the management of the research work. The measures should be continuous and apply throughout the life of the project. We were motivated to address the limitations that we had identified with current metrics of research performance, primarily the temporal dimension of lagging indicators and to capture full value of the progress. Hence, we focused on developing measures within the process of research itself, with a particular focus on assessing of the health of the research environment and measures of 'outputs' or progress that occur prior to papers and provide more descriptive, rather than event-based, milestones. Following naturally from the first objective, our second objective was to focus on the scientific and technical aspects of the research. In this respect, we were interested in gaining insights from research personnel on their own interpretations of technical progress, and to conceptualise measures of technical progress that were meaningful to the researchers themselves. In short, we were interested in how researchers determined they were making scientific or technical progress or not.
The development of metrics (units of measurement for the measures) for each of the projects was based on ongoing interviews with project principals and a thorough assessment of research materials. For each project, we sought to develop three measures of research performance that could be used to assess progress of the research throughout the life of the project. In many respects, our approach was similar to some approaches found in the technometrics and technological forecasting literature, such as Frenkel et al.'s (2000) analysis of industrial sensors, Grupp and Hohmeyer's (1986) work on technological standards, and Lenz's (1985) work on a heuristic approach to technology measurement. However, these approaches also differed from ours in a number of respects. First, this literature is primarily focused on the macro-or industrial level, rather than at the level of individual projects. Second, this literature tends to focus on research that is much closer to the market, such as new product development, rather than the fuzzy front end of basic and applied research.
In many respects, our approach was similar to that of some of the US Department of Energy's Office of Science (DOE-SC) work on improving the performance measurement practices of Federal basic research organisations, particularly the DOE-SC's effort to develop metrics of research that satisfy the requirements of the PART. For example, Figure 1 illustrates the DOE-SC's approach to identifying a roadmap with specific metrics for research focused on advanced scientific computing. As the figure shows, the DOE-SC articulated a long-range goal at the level of scientific discovery and identified a key number of appropriate metrics to assess progress. However, our work differed in one important respect. Our work was focused on the level of the individual research project, not research portfolios or programmes. But as we were mindful of the importance of aggregating measures to higher levels of organisational structure, we sought to develop metrics at a level of generality that might allow for this possibility. 
Sandia National Laboratories
We examined 22 research projects at this large, multidisplinary national laboratory.
After an initial review of project documents we found that the projects could be sorted into two general categories, science and technology. The first set of eleven represents technological projects whose objective is to build an instrument, for example a sensor or mobile robot or catalytic converter. The second set of 11 represents science projects whose objective is to build the underlying knowledge about some specialty, e.g., the physics and chemistry of ceramics, plasma physics or the detection of proteins. In several cases, the science is designed to provide the basis for a new technology, for example the modelling membrane transport. Finally, in a few other projects, although the objective is a new technology, the project itself is more concerned with the science involved, e.g., the synthesis and characterisation of nano-scale energetic materials. The distinction between science and technology projects became important for three reasons. First, the measures that were developed were quite distinctive for each category. Most of the science projects were concerned with increased understanding of various phenomena, which can sometimes be characterised as the precision of experimental prediction, while many of the technology projects are involved with measures of reliability. Second, as it became apparent in our review of the results of an organisation-wide survey, the science and the technology projects value aspects of their research environments quite differently (Jordan et al., 2005) . Finally, the aggregation of measures was much simpler with the technology than with the science projects.
In Table 1 , we provide examples of measures of progress for technology research from our study. In addition to identifying specific measures for each project, we attempted to derive a set of measures that would allow for aggregation across projects. These aggregate measures were derived from a thorough review of project materials and identifying similarities and patterns. While the specific measures varied considerably, we were nonetheless able to aggregate the measures into several common categories, particularly along the dimension of science and technological projects. Beyond the five categories in the table, the issues of ease of use and speed of use were also relevant in a handful of technological projects. Each of the 11 technical projects also involved a measure which can be termed functionality (and which could potentially contain multiple indices). Functionality represents progress relative to the basic goal of the project, such as the development of a hand-held device to detect pollutants without the use of chemical reagents. As we pointed out earlier, ideally, this progress and the degree of radicalness could be reported relative to the basic standards -the state of the art -in the appropriate technological field. The most comprehensive technical measure developed was one where the project manager worked with a staff member to combine several of measures into a single figure of merit, including the initial measures we had agreed upon (see Figure 2) . This is similar to the measure described by Lenz (1985) of a hierarchy of parameters whose values could be traded-off, but which culminate in one measure of performance. The approach taken by the project manager was to identify several critical variables for the development of a key element of the overall project, a tunable microwave filter. Each of these variables was then normalised and combined in such a way that progress on the filter could be tracked on a scale of 0 to 1, although the goal of the project was 0.3. The project manager then tracked the progress of the filter through a number of design iterations, as illustrated in Figure 2 . In this manner, the measure becomes a useful single measure for showing the interactions among several variables, as well as allowing for useful comparisons across projects conducting research on filters using similar variables.
On the opposite end of the spectrum were technical measures that were quantifiable, but were not fully illustrative of progress. Typically, this was due to a number of factors, such as limitations of the item chosen to be measured or the unit of measurement, 1 or a small number of data points (both in terms of what was being measured and how long it had been measured). The limitations inherent in these technical measures meant we did not fully capture the progress of the projects within the scope of our study. In the 11 science projects, the specific measures varied, but there was remarkable similarity across a number of projects (see Table 2 ). In this respect, we identified two primary aggregate categories that are common in seven instances. These are the precision of the prediction and the complexity of the model, that is, the number of variables, forces, or processes involved. These categories partly arise from the increasing use of modelling and simulation in combination with experimentation, which allows for the use of validation metrics (Trucano et al., 2001) . In general, the science projects typically focused on improving scientific models, and improvements in the predictive accuracy of the models represented advances in scientific understanding. However, the attempt to develop or utilise common categories of measures was more difficult in science projects that did not involve this approach. For instance, some science projects involved gaining a preliminary understanding of novel phenomena, such as a project that focused on the formation of plasma crystals. In general, this kind of research is largely descriptive as it moves towards the specification of models, and it is difficult to quantify performance on a real-time basis. But such progress can be indicated in terms of descriptive progress and/or learning. Table 2 Selected science measures In terms of measuring and managing research performance, the specific and aggregate measures developed at the national laboratory, as well as the reception of the measures by managers and researchers, indicated that this was a useful exploration. In this manner, we were pleased to demonstrate that specific and aggregate measures could be developed from the 'bottom up'. Finally, while above we have indicated how the specific measures can be generalised, and in turn these general measures can be aggregated, this does not solve all the many issues of a monitoring and evaluation system that functions at multiple levels. This was easier for the larger, broad scope projects because the project typically works to develop a set of progress and project goals to communicate and manage across levels of organisation. However, we recognise that in the context of the national laboratory, the practical application of the measures that we developed are limited. First, the 22 projects studied do not even begin to scratch the surface of overwhelming complexity of the laboratory's overall research portfolio. While aggregate measures were conceptualised for the projects we studied, a top down look would be needed to see how these measures could accurately and validly measure the heterogeneity that exists within relevant parts of the laboratory's work. Second, our study did not take into account the particular interests and concerns for measures at the upper levels of management, including national interests or GPRA and PART considerations.
2 While this latter concern was not our charge in this study, it is of primary importance for developing relevant measures that can be utilised for performance measurement at various levels.
NOAA's office of satellite applications and research
Building on our experience at the national laboratory, we subsequently embarked upon a similar exercise with NOAA's Office of Satellite Applications and Research (STAR). However, the aims of our effort at NOAA were much more ambitious (Colton et al., 2004) . Specifically, our aim was not only to develop measures of research performance, but to develop a framework that would provide a monitoring and evaluation system for all of the research of about 150 researchers at STAR. We set out three primary objectives for our work: 1 respect the need for measures of technical progress at the research project level 2 measure accomplishments at the project and organisational level 3 establish linkages between project-level measures and the specific performance targets that have been established by NOAA as part of their planning process.
As with our work at the national laboratory, we set out to inductively derive measures of research performance as the first step in the development of a performance management system. The scope of the paper limits a complete discussion of our efforts, but below we provide examples of measures developed that attempt to meet the objectives above. STAR is housed within NOAA's National Environmental Satellite, Data and Information Service (NESDIS). NESDIS is an operating branch within NOAA that is charged with managing the operational environmental satellites and providing a series of weather-related data and information services. The primary function of STAR is two-fold: 1 researching, developing and using data products from new and existing weather satellites 2 maintaining the quality and integrity of satellite-derived data.
STAR consists of three research and applications divisions that encompass satellite meteorology, oceanography, climatology, and cooperative research with academic institutions. The satellite-derived land, ice, ocean, and atmospheric environmental data products provide the basis for most, if not all, weather forecasting models of the NWS, another operating branch of NOAA. In addition to the working with current operational weather satellites, STAR plays a key consulting role with NASA in the design and development of new weather satellites and instruments.
Cross-project measures
As we began to interact with each of the eight selected projects, we realised that there was much more to the activities or tasks that these projects performed than what might be called original research. Although the work conducted by STAR is typically characterised as research, many of them in fact do not necessarily spend the majority of their time conducting research as it is normally defined. More typically, many of these projects focus on problems of quality control, particularly those activities identified as calibration and validation of satellite data. Since the work of STAR, and NOAA in general, relies on the quality of satellite data, this work is a critical component of the work of STAR. But it is also not the kind of research activity that traditional measures of performance would adequately capture.
In general, seven of the eight we studied projects involved some amount of calibration and validation activities, which consists of four major activities: calibration and validation of satellite instruments, correction of existing algorithms, development of new algorithms, and the construction of time series. At one extreme are projects whose primary concern is with calibration/validation, such as the project centrally concerned with calibration (Cal/Val) and a project focused on the development of new data compression algorithms. At the other extreme are projects whose primary concern is the improvement or development of new algorithms focused on specific weather phenomena, such as tropical storms and ocean winds. In general, a great deal of time is spent on continuous calibration and some on periodic validation and therefore much energy is devoted to the problem of maintaining the algorithms/time series or updating them in the light of new calibrations/validations.
We began to define calibration/validation activities as 'quality control', and recognised a significant contrast between these activities and conducting sustained research that could result in the development of new methods of calibration and validation. Interestingly, these new methods have the potential to reduce the amount of time spent in quality control. Since the amount of time spent on quality control is such an important aspect of the work of many if not all of these projects, measuring the amount of time allocated to quality control was identified as a central performance measure common across most STAR projects. The measurement of quality control is significant because an existing performance measure at STAR is the number of new data products developed. However, the development of new products necessitate a considerable amount of research time and effort in developing new algorithms before the products become operational. In this manner, the recognition and measurement of quality control activities could have a significant impact on the amount of time allocated to more research-oriented activities. In addition, measures for each of the calibration/validation activities were derived and as listed in Table 3 . While the work of calibration and validation represents largely routine work and incremental innovation, researchers had developed a novel method for accurately predicting simultaneous nadir overpasses among different polar-orbiting meteorological satellites (Cao et al., 2004) . As mentioned above, this represents a potential radical innovation, as it has the potential of significantly increasing the calibration consistency and traceability required for long-term climate studies by reducing the uncertainties in observations among weather satellites. The application of the performance measures developed (above) in the testing of this method can help managers determine whether this represents a radical innovation, and whether the costs associated with its implementation are justifiable.
Project measures that link to science and mission goals
The exigencies of GPRA and PART have placed greater emphasis on evidence of impacts on mission goals, as well as on reducing costs and thus productivity. Some of the measures that were developed for STAR ( Figure 3 ) address both forms of impacts and includes what we viewed as an important corollary to quality, that is, product development time. Of course, this measure is well-known in the industrial and new product development literature. STAR had recognised its importance by establishing a task force to look into ways of improving it, but had not actually defined a measure or measured it. Given STAR's location with a complex inter-organisational network, however, these measures of impact depend a great deal on communication and coordination. But these measures, along with shorter product development time, lies at the heart of STAR's research efforts. We would suggest that the use of such measures, while recognising the importance of inter-organisational partners and the need to innovate, allow STAR simultaneously to meet reporting requirements and better align research efforts mission goals. To better illustrate the application of these measures, we will provide an example from a project that is focused on the development of data products on wind. In addition to maintaining current operational products, the wind project has been working on developing a new data product on winds in polar regions. The data is gathered from MODIS 3 instruments aboard the Terra and Aqua satellites that circle the earth along a north-south flightplan. The Terra and Aqua satellites were launched in 1999 and 2002, respectively, as part of NASA's Earth Observing System, and both remain under NASA, not NESDIS, management. The advantage of developing products from these instruments and satellites is that they provide coverage in the polar regions of the globe, areas where wind data is lacking. Development of the algorithms to derive the wind observations was conducted in 2001 and 2002. Routine production of wind observations from the MODIS instruments, although still experimental, was established at NOAA/NESDIS in July 2003. The next step in the development of any satellite data product is the assimilation into weather prediction models and conducting impact studies, in terms of improved prediction, on forecasts. While STAR typically provides such data to other research centres around the world for impact studies, measuring the linkage to NOAA's mission goals is dependent on the data being assimilated into the prediction models of the National Center for Environmental Prediction (NCEP), housed within the National Weather Service. In essence, NCEP is the primary conduit for all meteorological data and provides the official NOAA forecasts of weather and environmental information. Hence, the development of a new product at STAR and, more importantly the determination of its radicalness and its linkage to NOAA's mission goals, depends on the assimilation and utilisation of data by NCEP.
• Improved prediction (accuracy, precision, coverage) • Development of improved models (either more less variables)
• Reduction in product development time Another example of the application of measures for radical research is NOAA's work on exploring novel methods of data compression. New methods of data compression are critical for the next generation of Geostationary Operational Environmental Satellites (GOES), with the first of this series (GOES-R) to be launched in 2012. These satellites are expected to have sensors with resolution in the hyperspectral range, which would generate a raw unprocessed data stream of 130 Mbps and a processed data rate of 85 Mbps. Current GOES satellites have raw and processed data rates of 2.6 Mbps and 2.1 Mbps, respectively. Hence, the move to hyperspectral data will involve potentially significant increases in the power requirements and mass of satellites as well as the cost of broadcast rates and the archiving of data. In developing new methods of data compression, this project can draw on well-known existing state-of-the-art data compression methods, such as JPEG2000, in order to determine progress. However, the data represents a challenge to these methods because it is 3-dimensional (most compression methods are for 2D data) and any compression method must be lossless (or near lossless) due to the high sensitivity of error. The research project has been able to develop new compression methods that produces significant compression gains in the range of 50% over current state of the art methods, but improvements in compression rates were not tracked and utilised in assessing the performance of the research. The use of such measures, in conjunction with peer review to determine the radicalness of the research, would help to better determine the rate and scale of progress and allow managers the ability to better assess next steps and strategy.
At the organisational level, the ability to develop measures and linkages to goals speaks to the need for a comprehensive performance management system. It would be necessary for such a system to address multiple impacts, as well as provide specific guidance in terms of both a technological (or research) roadmap and where to take corrective action, if needed. In our work with STAR, we utilised the Strategy Map and Balanced Scorecard approach of Kaplan and Norton. As they describe:
A strategy map for a Balanced Scorecard makes explicit the strategy's hypotheses. Each measure of a Balanced Scorecard becomes embedded in a chain of cause-and-effect logic that connects the desired outcomes from the strategy with drivers that will lead to the strategic outcomes. … [The strategy map] provides executives with a framework for describing and managing strategy in a knowledge economy. (Kaplan and Norton, 2001) In this manner, the balanced scorecard offered a way to provide a central focus for the activities and the measurement of progress for STAR research, that is, on the achievement of contributions to mission goals.
Concluding discussion
The aim in the studies we discussed above was primarily to explore the development of measures of research progress as a complement to existing measures. We are also suggesting how to measure the radicalness of that progress against a standard. We argue that the measures we developed could play a key role in the management of innovation. And as recent studies have shown, a key need for research that is focused on radical innovation or marked by high uncertainty is better data and documentation of the research process (Leifer et al., 2001; Doctor et al., 2001; Karlsson et al., 2004 ).
As we have argued, the use of multiple measures of performance for radical research might provide a more accurate and more timely portrayal of technical progress than do the use of milestones or other performance measures, such as papers and patents. For instance, using the example of the figure of merit for the tunable filter, the measure of progress offers the ability to assess progress towards the completion of the filter. If the measure was simply a stage-gate determination of the completion of the filter, the inability to complete the filter would typically mean the discontinuation of the project. But the figure of merit provides significantly more information about the progress of the research along various important parameters which would allow managers make a more informed determination about the progress of the project prior to a specified stage and potentially suggest areas where further research might be more fruitful.
In this manner, this approach would add timely measures of technical progress to the existing milestones and other performance measures, and it would seek to integrate these measures both into scientific knowledge, such as better understanding the causes of ozone depletion, and to the organisational/programmatic goal of reducing delays in forecasting various conditions, as in the case of NOAA's NWS. Of course, these measures are complementary of existing measures, but the use of additional measures of the process of scientific and technological research allows for greater and more timely recognition of R&D accomplishments. For instance, with regard to publications, advances along one or more of these dimensions are typically not publishable depending upon the specific variable involved. Some variables are inherently more publishable than others, and it is perhaps the case that some variables in weather forecasting or model building are more likely to be favoured over others. Thus, these new measures of technical progress allow one to compare across research teams working in quite disparate areas so that the work of all is equally appreciated.
To restate our basic argument, the use of real-time measures of progress and the assessment of the radicalness of that progress could provide critically needed information for the management of research. In particular, real-time measures would provide more timely information to determine the critical pathways of progress both within and across research projects, as well as larger research units. Further, the real-time measures that we discuss would more centrally locate the focus of performance management of research on the advance of knowledge and innovation, rather than bureaucratic processes. In the world of publicly funded or directed research, such measures could become an essential component for meeting GPRA and PART requirements while still directly valuing the research. As Feller (2002) points out, GPRA measures are expected to be objective and quantifiable, there are some allowances for agencies to develop alternative forms of performance measurements and reporting.
In summary, the development of new metrics for R&D is an important step to successfully managing and generating innovation within research organisations. The challenge is developing measurements which allow managers to make informed and appropriate decisions about research and development, but do not pose unnecessary and distracting opportunity costs and obstruct the development of breakthroughs which, in fact, may alter the course of the research and knowledge.
